Small-angle neutron scattering (SANS) measures porosity in nuclear graphites, including both open pores, caused by escaping decomposition gases, and internal cracks (in coke particles) generated by anisotropic thermal contraction along the c-direction (Mrozowski Cracks). Porosity changes on the length scale observable by SANS must control the development of internal stresses and hence of cracking in AGR graphite due to irradiation (both fast neutron displacements of carbon atoms and radiolytic corrosion by CO 2 ). Such cracking may cause premature reactor shutdown. SANS measurements show that porosity is fractal on a length scale between $0.2 and 300 nm, presumably due to Mrozowski cracks -because the fractal index of the SANS signal depends only on the porosity of the graphitic filler. We report here two novel uses of the SANS technique as applied to reactor graphitecontrast matching with D-toluene (to measure the fraction of the porosity open to the surface) and the temperature dependence of the scattering (to measure pore width changes up to 2000°C). These results provide important new information on AGR graphite porosity and its evolution during irradiation.
Introduction
Currently about 10% of the UK electrical generating capacity comes from the Advanced Gas-cooled nuclear Reactors (AGRs) which are scheduled to shut down in the period 2018-2023 although the closure date may be extended, if an acceptable safety case can be established. They are to be replaced with water moderated reactors (PWRs or BWRs). However, progress with the latter is subject to significant delay. Thus, research contributing to the life-extension of the UK AGR fleet could literally keep the UK's lights on. At present, uncertainty in the behavior of the graphite moderators creates a major difficulty in establishing a safe limit to operating life because deterioration of the moderator is one of the key factors limiting the potential lifetimes of AGRs 1 . After prolonged high intensity irradiation the accumulated fast neutron damage causes microscopic dimensional changes as well as changes in the total porosity [1] . Also, radiolytic corrosion by the carbon dioxide coolant enlarges the pores open to the coolant [2] . These, in turn, change the macroscopic properties of the moderator material making it more fragile and the occurrence of cracking more unpredictable.
A model for the fast neutron damage in graphite was originally developed in the 1970s but this is now believed to be over-simplified because, at high radiation doses, the observed properties differ significantly from those predicted. The traditional view was that irradiation created new inter-stitial hexagonal layers which were only weakly coupled to the rest of the graphite structure [1] . However, ab inito calculations demonstrate that the atoms at the edge of such a layer will interact strongly with the layer above or below [3, 4] . The resulting uncertainty in the behavior of the moderator is considered likely to limit the safe operating life of the reactor.
Currently, there are a number of techniques available to investigate the properties of reactor graphites on both the atomistic and macroscopic scales. However, in order to understand the mechanisms involved, it is necessary to understand a link between the properties on these very different length scales and this link is currently difficult to establish. Small-angle neutron scattering (SANS) measurements can uniquely provide an insight into the graphite structure and its evolution under reactor conditions in the mesoscopic range ($0.2-300 nm). It should be noted that various kinds of microscopy can be used on these length scales. However, microscopy examines a very limited field of view of this very disordered material whereas SANS records, in one measurement, the average density-density (or porosity-porosity) correlation function over the above length scale -providing a precise description of the average pore width distribution. This technique is easily extended to measure, for instance, the macroscopic variation of this porosity with position in an irradiated graphite component.
1.1.
Small-angle neutron scattering Full reviews of the small-angle neutron scattering from carbons can be found elsewhere [5, 6] . However, it is useful to give the general form of the equation expressing the coherent neutron differential scattering cross-section as a function of the scattering vector, Q.
Here Q = 4p sin (h/2)/k where h is the scattering angle and k is the neutron wavelength, q c is the neutron scattering length density of the carbon and q p is the same quantity for the pore (or the corresponding value when the pore is filled with a liquid), N p is the number of pores/unit volume, V p is the volume of the pore, S(Q) describes the spatial separation of the pores and F(Q) is the form factor which is determined by the pore shape. More formally, these quantities should be averaged over a distribution of pore sizes. Finally, B inc is a flat (Q-independent) background due mainly to incoherent scattering, principally from residual hydrogen.
An important result, known as the Porod Invariant (or Total Scattering), is the integral of the cross-section weighted by Q 2 , the value of which can be related to the volume fraction of the pores, u, so long as the cross-section is properly normalized, as it is here [5] .
In the present paper, the measured SANS data is presented in terms of dR/dO(Q), but for simplicity, we refer to this as ''Intensity''. Values for the Porod Invariant have been determined by integration between the upper and lower limits of the experimental measurements.
Previous SANS measurements on reactor graphite
The SANS technique has been very widely used for the study of activated carbons of all types. This work has been reviewed by Hoinkis [6] . There has been much less work published on denser reactor moderator graphites and this work is reviewed briefly here. The first measurements were by Martin and Henson [7] who measured SANS from reactor graphites before and after irradiation. They found some extra scattering at fairly high Q which they attributed to small clusters of interstitials and vacancies produced by fast neutron irradiation.
They also observed that the extra scattering disappeared when samples were annealed at 1100°C for one hour. Our present interest is in larger scale porosity and this is seen at considerably lower Q values. Here most of the early measurements were performed by Martin and Caisley [8] [9] [10] . These authors measured a series of AGR (Gilsocarbon) graphites, both ''as produced'' and after neutron irradiation, using the D11 SANS instrument at the ILL in Grenoble [11] . They established that the SANS changed significantly as a result of neutron irradiation [8] and was determined entirely by the coke source used [9] . They also demonstrated how the SANS changed as a result of both thermal and radiolytically-induced oxidation [10] . Data from these experiments, as originally plotted on linear scales of intensity against Q, showed a smooth reduction in intensity with increasing Q which was modeled as the sum of two Guinier functions, each of which described the form factor of a spherical pore, averaged over a small range of pore radii (to eliminate terms due to a sharp cutoff at a specific radius) given by:
Here, R g is the radius of gyration of the pore (if the pore is truly spherical, R g 2 = 3R 2 /5). Estimates of the number of pores with radii of gyration near 2.5 nm and near 10 nm were derived from a ''Guinier Plot'', namely a plot of lnð dR dX ðQÞÞ versus Q 2 for QR g < 1, which would be linear for a single pore size and which would give an intercept of
If there is a distribution of pore radii present, the resultant plot will have a curved form (negative slope decreasing with increasing Q). Thus, the intercepts of the tangents to this curve having gradients corresponding to R g values of 2.5 nm and 10.0 nm were taken to be representative of the populations of pores of these sizes. Measurements were made on unirradiated samples and those irradiated with up to 51.3 · 10 24 n/ m 2 of fast neutrons. The results showed a progressive decrease in population of 10.0 nm pores with a corresponding increase in population of 2.5 nm pores as a function of irradiation level.
In their second publication [9] , Martin and Caisley reported on SANS experiments on 14 different graphite samples. These samples were characterized by the nature of the coke source (petroleum coke, pitch coke or Gilsocarbon) and by a range of other characteristics including the binder material and the grain size of the filler. The very clear conclusion was that the SANS was entirely determined by the nature of the filler.
This rules out any contribution to the SANS signal from, for instance, the porosity involved in the evolution of gases generated by the pyrolysis of the binder or to cracks in the inter-granular region or at the surface area of the filler, probably because the size of the corresponding pores lie beyond the observed range. In a third paper, they reported on the relative effects of thermal and radiolytic oxidation on the porosity [10] .
Finally, Hoinkis et al. [12] compared the effects of oxidative corrosion (CO 2 at 900°C) with porosity changes induced by neutron irradiation (5 · 10 21 n/cm 2 or $7 dpa) in nuclear graphites. Using small angle X-ray scattering, they came to similar conclusions about the changes in the relative populations of large and small pores.
Reinterpretation of the SANS data
Since the publication of Martin and Caisley's data [8] [9] [10] , the fundamental significance of fractal distributions in Nature has become very widely appreciated [13] . In a ''mass fractal'', for instance, defined in terms of volume or pore fractals, the density-density correlation function (or the pore-pore correlation function) decreases according to a non-integer power law with an index D m that is less than the Euclidean dimension, d. Specifically, it can be shown that 2< D m < 3 in 3-dimensions and 0 < D m < 1 in 1-dimension. In either case it gives rise to an S(Q) function that varies as Q ÀDm . The term ''surface fractal'', on the other hand, refers to a fractally rough surface, the area of which increases as the ''tile'' used to measure it gets smaller. If the surface were smooth (i.e. independent of tile size), the scattering would give rise to a Q
À4
dependence which is referred to as Porod Scattering. But for a fractal surface, the gradient is reduced below 4, as here higher Q values correspond to a smaller ''tile'' dimension and hence a larger total area for a fractally rough surface. Formally [14] ,
where D s is the surface fractal dimension. There are alternative formulations of this equation, arising from rather different assumptions about the interplay between surface and mass fractals [15, 16] . However, the main value of the fractal picture is that it provides precise power law indices that can be used as a unique characteristic measure of very heterogeneous structures, such as nuclear graphite. We have therefore chosen to use Eq.(4) to describe the fractal properties for short correlation lengths (high Q). We have thus replotted the Martin and Caisley data [8] [9] [10] on log(Intensity) À log(Q) scales to see whether their samples show the fractal behavior. The plots demonstrate that the SANS from AGR (Gilsocarbon) graphites, does indeed have a non-integer power law form where the exponent varies with fast neutron irradiation ( Figs. 1 and 2 ). This suggests a fractal distribution of porosity that changes in a systematic way as the carbon atoms are displaced by fast neutron irradiation. Their data for Gilsocarbon graphite type G.M6 are shown in Fig. 1 and give a linear behavior. The scattering from an unirradiated sample clearly exhibits two distinct linear regions with an additional flattening at high Q due to incoherent scattering from hydrogen or other incoherent scattering impurities. The gradients are respectively À2.897 at low Q (mass fractal range) and À3.453 at higher Q (surface fractal range). The data for the irradiated sample, remarkably, has changed significantly giving a single linear slope for the full Q range, having a gradient of À2.075, a mass fractal. Thus, the surface fractal component seems to have been suppressed by the irradiation process (the surface smoothed and reduced in area) while the pore/volume fractal component implies a reduced density of large pores and an increased density of small pores -as in the original interpretation of Martin and Caisley from their derived Guinier radii, using the method described above [8] .
It is interesting that the Porod Invariant analysis (Eq.(2) and Ref. [5] ) indicates a pore volume/unit volume that increases by 60% due to irradiation over the measured Q range (between $67 Å and $454 Å (2p/Q max and 2p/Q min )). This could mean either that new pores are being formed or alternatively that pore surfaces are being smoothed and larger pores, initially beyond the measured range, are partially filled, hence becoming observable in this Q range. The effect of progressive increases in the fast neutron irradiation dose on the power-law exponent is demonstrated in Fig. 2 for GE1 graphite. The initial two-component gradient of the virgin graphite becomes a single line having a decreasing gradient with increasing irradiation. Porod Invariant analysis of the GE1 graphite data also shows a tendency for the volume of small pores to increase by ca. 23% and 29% as compared to virgin graphite -for doses of 17.4 · 10 20 n cm À2 and 51.3 · 10 20 n cm À2 respectively. The original paper includes data on a range of different isotropic graphites which all appear to behave in a similar way. In another paper [10] , these authors reported on the effect on the scattering from electro-graphite blocks -made from both petroleum coke and Gilsocarbon -before and after thermal and radiolytic oxidation. For both types of material, thermal oxidation produced an increase in scattering while radiolytic oxidation produced a decrease. In both cases, the effect became more pronounced for the smaller pores (as evidenced by the high Q scattering). Based on the current understanding of the process by which thermal oxidation produces activated carbons, we suggest that an increase in the scattering is due to a much increased population of small pores and hence increased surface area. On the other hand, radiolytic oxidation -the process responsible for mass loss of graphite in reactors due to gamma radiation and CO 2 coolant oxidation -enlarges pores in proportion to their size [2] and in the process reduces the population of smaller pores and hence reduces SANS intensity at higher Q.
Further, recent measurements on SANS from dense isotropic graphite have been reported by Hoinkis and Allen [17] . These authors measured the scattering from graphite intended for use as the first wall of a fusion reactor -designated POCO AXM-5Q1. This material was binder-free and consisted of nearly perfect graphite grains which were hot pressed using a proprietary method. Measurements were made for a series of burn-offs measured in weight %. The angular cross section followed a Q À3.1 behavior over some 3.5 decades in intensity with a peak at around 0.01 Å
À1
. Oxidation of this graphite to a mass loss of between 0% and 2.3% showed a slow Q-independent increase in the scattering intensity without any significant change in shape (fractal index and peak position). The power law index lies just within the range of a surface fractal. Alternatively, it would be consistent with a power law form for a pore radial distribution function [15] , F(r) $ r À0.9 .
2.
Measurements on Gilsocarbon and PGA graphite 2.1.
Contrast matching
In the present experiments we have used the SANS technique previously developed for studies of activated carbon [5] . In particular, we have demonstrated that deuterated toluene also provides an excellent contrast matching liquid for graphites, condensing into all pores connected to the surface down to the minimum observable pore dimension ($0.2 nm). Scattering from all open pores is thus essentially eliminated. The technique has been used to distinguish between open and closed pores within the graphite specimens. These measurements were performed using the LOQ SANS instrument at ISIS [18] covering the Q range from 0.009 to 1.0 Å
À1
. The graphite samples were cut to dimensions of 2.0 cm · 2.0 cm · 0.2 cm. Each sample was out-gassed at 200°C prior to the measurements -to eliminate as much hydrogenous material as was practicable. Gilsocarbon and PGA (Pile Grade A) graphite samples were studied. Gilsocarbon filler particles have an onion shape which produces rather isotropic properties. PGA graphite is produced from needle shaped coke particles that become aligned along the extrusion direction during manufacture, giving rise to the anisotropic properties of this graphite. Hence, the PGA samples were cut in two ways: parallel and perpendicular to the extrusion direction -to investigate the properties in both. As Q lies in the plane of the sample, we expected the perpendicular cut to give a circularly-symmetric intensity contour plot and the parallel cut to give ellipsoidal contours.
Figs. 3 and 4 demonstrate the contrast match data for Gilsocarbon and PGA graphite respectively. The scattering from the D8-toluene itself is a horizontal line at $0.1 cm
and is omitted from the graphs for clarity. The Porod Invariant analysis of the empty graphite in comparison with that for the same sample saturated with D8-toluene indicates that The SANS from the contrast matched samples, i.e. from the closed pores, in Gilsocarbon (Fig. 5) shows a single component power-law with a gradient of À3.207 (surface fractal dimension D s = 2.793), indicating a rather rough surface. PGA closed porosity apparently shows two power laws but data from an extended Q range is needed in order to establish this fully (Fig. 6) . The SANS signals from PGA and Gilsocarbon ''open porosity'' are more complicated and consist of at least two linear regions on a double logarithmic scale. Both imply the presence of smooth surfaces at low Q values and of rougher (fractal) surfaces at higher Q values (Figs. 5 and 6 ). It is noticeable that there are more large pores in the open pore scattering, as one might expect. We would anticipate the signal from the open pores to increase after the radiolytic corrosion and to indicate whether the corrosion has mainly affected large or small pores. Because erosion is caused by an activated molecular radical species of limited lifetime, the rate of erosion depends on the amount of this radical produced within about a micron range of the pore surface and this strongly enhances the relative importance of small pores [2] . For such pores, as measured here, the erosion effect will be proportional to the volume (width) of the pore so it is not surprising that the SANS signal remains fractal.
Temperature dependence
In the second set of measurements, the samples were mounted in a furnace and heated to 2000°C in increments of 200°C. The resulting SANS signal was measured in situ for each temperature at equilibrium. The identical intensity profiles of the scattering at a given temperature both heating and cooling rules out any observable annealing process in this temperature range. Here we obtain the important result that the SANS intensity decreases in a linear fashion with increasing temperature (Fig. 7) due, presumably, to the filling of cracks normal to the c direction that were formed by thermal contraction during cooling (Mrozowski cracks [19] ). Noticeably, although the trend is identical for the two PGA samples (cut parallel and perpendicular to the extrusion direction) the absolute intensities are different -being higher for the sample cut perpendicular due to preferred orientation of the needle coke particles. This orientational aspect of the results will be fully described elsewhere [20] . However, the fractional decrease in the SANS signal for Q-parallel to the extrusion direction relative to that normal is independent of the value of Q, suggesting that the porosity distribution is isotropic within a given coke particle. Furthermore, the results suggest that the material would have to be heated to well above 2000°C to completely close the pores, suggesting that these pores must have been created due to loss of plasticity in the grist rather than in the binder. Fig. 8 shows the fractional closure of pores determined from the Porod Invariant values as a function of temperature relative to ambient temperatures in PGA and Gilsocarbon graphites. The pore filling process for the two samples is similar for temperatures up to 600°C but starts to deviate with further heating. The pore closure in PGA graphite is essentially linear up to 2000°C whereas, in Gilsocarbon, the rate of closure slows down as the temperature increases above 600°C.
Interpretation of the SANS signal from reactor graphites
It is apparent that in reactor graphites, the SANS signal arises from the porosity. There are a number of different kinds of porosity present. Some pores in the binder will be interconnected to the surface because they provided an escape route for hydrocarbon gases produced during the carbonization of the binder material. Microscopy also shows cracks around the edges of the graphitic particles [21] , and some sets of parallel cracks which are thought to form in the filler particles during cooling from their minimum temperature for plastic deformation. We believe that the SANS signal is determined by these cracks forming in the filler during cooling. The anisotropic thermal contraction in the c direction would be expected to cause the basal planes to pull apart randomly, thus forming cracks parallel to the basal plane which appear with variable widths and separations of the order of 10-100 nm wide (Mrozowski cracks) . Given that the SANS from graphites is determined by the filler particles in use [9] and is described by a single fractal behavior, it is reasonable to assume that the SANS signal is generated by these cracks. Note that the widths of these cracks and their separation apparently vary over at least an order of magnitude. Although some planar cracks are visible in the micrographs, these are apparently relatively rare. In fact, the images are dominated by rather disordered structures and the visible cracks have to be rather large to be seen in the SANS [21, 22] . It is notable that the fractal index we observe is consistent with a 3-d porosity distribution, not a 1-d distribution. If the cracks were indeed 1-dimensional as observed in the direction normal to the graphite planes, the fractal index would be less than 1. The larger value observed suggests that most of the domains containing ordered graphitic structure are themselves part of a 3-d structure and that the size of the graphitic particle in the c direction largely determines the total crack width in the particle. The fractal dimension being as for a 3-d arrangement suggests that there are only a few slits in each particle.
Note that the linear decrease in the SANS intensity with increasing temperature is entirely consistent with this model -i.e. the observed porosity was produced by the thermal contraction. This picture is very similar to that described by Hacker et al. [22] who observed that the coefficient of thermal expansion was not influenced by radiolytic weight loss up to quite high weight losses, suggesting that a rigid disordered carbon framework generated the 3-dimensional structure capable of transmitting thermal strains and that the oxidation process probably involved a percolating network of cracks. Given the origin of these cracks, it is remarkable that our contrast matching measurements demonstrate that some 70% are open to the surface. The distribution of open porosity within the graphite is of great importance in predicting performance when undergoing radiolytic corrosion. An arrangement of macroscopic regions in the graphite block containing open porosity alternating with regions having closed porosity might generate local variation in the macroscopic properties. Thus, given that fast neutron irradiation tends to fill the sealed pores while radiolytic corrosion tends to open out the open pores, the combination of these processes could produce local stress gradients, possibly lead to cracking.
Conclusions
Previous measurements on reactor graphites have shown a strong SANS signal from graphite over a wide distribution in Q. We have reported here that this scattering from Gilsocarbon and PGA graphites gives a rather good straight line fit to the measured intensity when plotted on a log-log scale, suggesting that the scattering comes from a fractal distribution of pores. We have here extended these earlier measurements using contrast matching to distinguish between filled and empty pores and have, in addition, observed that the SANS decreases linearly with increasing temperature. We would therefore suggest that the SANS signal is dominated by scattering from Mrozowski cracks produced by anisotropic shrinkage of the graphite filler particles during the cooling process. The temperature dependence of the SANS suggests that the pores would be completely closed by around 3000°C due to the anisotropic thermal expansion. We can conclude that around 70% of the porosity is accessible to the external surface, and hence to the active species that causes the radiolytic corrosion process, a fact that is highly significant for understanding this process.
